Studies of patients with semantic impairment suggest that the most anterior portions of the temporal cortices critically support human conceptual knowledge. The purest documented semantic syndrome, semantic dementia (Hodges et al., 1992; Snowden et al., 1989) , arises from progressive deterioration of anterior, inferior and lateral aspects of the temporal cortex, frequently more pronounced in the left, but always involving both hemispheres (Mummery et al., 2000) . Patients with semantic dementia (SD) are impaired on any task requiring knowledge about the meanings of words and objects, including picture naming and word-picture matching (Warrington, 1975) , matching pictures or words on the basis of thematic associations , sorting words or pictures , drawing-to-name and delayed copy of drawings of familiar objects , sound-picture matching , demonstrating the correct use of objects , object reality-decision , and so on (see Patterson and Hodges, 2000) . These deficits are typically observed for all semantic categories (Garrard et al., 2002) , and are apparent in all modalities of testing; however other cognitive faculties are remarkably preserved in the disorder (Hodges et al., 1998) . The striking consistency of both the cognitive and neural abnormalities in SD strongly suggests that the bilateral anterior temporal cortices are critical for amodal and domain-general aspects of semantic processing . In line with this view, other brain diseases that can affect the anterior temporal lobes, such as Alzheimer's disease and herpes simplex viral encephalitis, also often disrupt semantic memory, though never as selectively as in SD .
Functional neuroimaging has offered a rather startlingly different picture of the neural representation of semantic knowledge, in three respects. First, the majority ANTERIOR TEMPORAL CORTEX IN SEMANTICS 4 of research yields left-sided rather than bilateral cortical activations for semantic tasks (Devlin et al., 2002; Joseph, 2001; Martin and Chao, 2001; Thompson-Schill, 2003) .
Second, functional imaging results indicate that semantic knowledge is encoded in a widely distributed cortical network, with different regions specialised to represent particular kinds of information (Martin and Chao, 2001; Tranel et al., 1997) , or particular categories of object (Caramazza and Shelton, 1998) , or both (Humphreys and Forde, 2001; Thompson-Schill et al., 1999) -leading some researchers to suggest that no single region supports semantic abilities for all modalities and categories (e.g. Thompson-Schill, 2003) . Thirdly and perhaps most puzzling, although anterior temporal activation has been associated with sentence comprehension (Crinion et al., 2003; Davis and Johnsrude, 2003; Mazoyer et al., 1993; Vandenberghe et al., 2002) , famous-face recognition Gorno-Tempini et al., 1998; Grabowski et al., 2001; Tranel et al., 1997) , and a few other semantic tasks (Devlin et al., 2000; Gauthier et al., 1997; Mummery et al., 1999; Ricci et al., 1999; Tyler et al., 2004; Vandenberghe et al., 1996) , the vast majority of functional imaging studies report posterior temporal and/or frontal activations for semantic tasks, with no mention of the anterior temporal cortex (Joseph, 2001; Martin and Chao, 2001; Thompson-Schill, 2003 for recent literature reviews).
To summarise, neuropsychological research on SD might lead one to conclude that-although many other regions undoubtedly contribute-antero-lateral temporal cortex in both hemispheres is critical for semantic representation and processing across all stimulus modalities and for all types of conceptual knowledge. From functional imaging research on normal adults, in contrast, one might conclude that no single region contributes to semantic memory for all modalities and categories, and further that the widely distributed network responsible for different aspects of ANTERIOR TEMPORAL CORTEX IN SEMANTICS 5 semantic processing is left-lateralized and includes posterior temporal and frontal cortex, but not the anterior temporal lobe. How is this conundrum to be resolved?
A convergence theory of semantic processing.
We have proposed that the anterior temporal lobe regions affected in SD serve, in the healthy brain, to mediate communication amongst the modality-specific regions distributed throughout cortex that encode explicit representations of object attributes . When this cross-modal "hub" degrades as a consequence of brain disease, the ability to map between surface forms-for instance, to generate an item's name from its visual image, or vice versa-is compromised. On this view, the anterior temporal lobes critically support semantic task performance for all modalities of reception and expression and all categories of objects, as suggested by the impairments observed in SD. Perhaps less intuitively, this hypothesis also offers a clue regarding the discrepancy in the data from neuropsychology and functional imaging.
The key observation is that patients with SD exhibit systematic patterns of sparing and impairment: knowledge about properties that individuate a specific concept from its semantic neighbours (e.g. the stripes of a zebra) is always more vulnerable than knowledge about properties shared by related concepts (e.g. the fact that a zebra has four legs). This pattern has been documented in tasks as varied as naming, word-picture matching, drawing, object recognition, coloring, lexical decision, and object use (Bozeat et al., 2003; Bozeat et al., 2002; Rogers et al., 2004a; Warrington, 1975) .
Moreover, this pervasive tendency does not simply reflect the overall difficulty of retrieving more specific relative to more general information. For instance, healthy controls are typically faster and more accurate to classify objects at the basic level ANTERIOR TEMPORAL CORTEX IN SEMANTICS 6 (e.g. "bird") than more general levels (Rosch et al., 1976) , but the reverse is true for patients with SD . Thus tasks that require objects to be classified with greater precision appear to exert greater demands on the neural system affected in semantic dementia, even when they are not more difficult overall. One basis for the discrepancy between neuropsychology and functional imaging, then, may be that functional imaging studies have not tended to use semantic tasks that require very specific classification of the stimulus.
The few functional imaging studies that do report anterior temporal lobe effects appear to be generally consistent with this idea, though the evidence to date is equivocal and other interpretations have been offered. For instance, most of these studies concern recognition or naming of famous people and/or buildings (Damasio et al., 1996; Gorno-Tempini et al., 1998; Grabowski et al., 2001 )-suggesting to some researchers that the anterior temporal lobes are dedicated to the representation and processing of lexical or semantic information about unique entities, but are not otherwise involved in semantic memory (Tranel et al., 1997) . As we and others have previously noted (Gauthier et al., 1997; GornoTempini and Price, 2001; Gorno-Tempini et al., 1998) , however, this pattern may not reflect functional specialization for unique items per se, but may instead arise from a more general sensitivity within the anterior temporal lobes to specific classification.
To our knowledge, only two previous functional imaging studies have directly compared different levels of classification for non-unique items. In the first, Gauthier and colleagues (1997) used fMRI to investigate temporal lobe activations in participants classifying line drawings of common objects at the subordinate (e.g. "flamingo") or basic (e.g. "bird") level. The authors found no selective anterior temporal activation in the direct contrast of specific to basic-level categorization; ANTERIOR TEMPORAL CORTEX IN SEMANTICS 7 however, such an effect was observed bilaterally after activations from a second purely verbal semantic task were subtracted out. Though suggestive, the results are somewhat difficult to interpret given that the effect was only apparent in a doublesubtraction with another semantic task. Furthermore, participants were slower and less accurate to respond in the "specific" relative to the "general" condition; hence the corresponding functional activation may have reflected overall task difficulty rather than sensitivity to specific categorisation.
A second study compared basic and general classification (Tyler et al. 2004 ).
Participants silently named photographs of objects at the basic level (e.g. "dog") or at a very general level (e.g. "living thing"). Using event-related fMRI, they observed activation on the medial surface of the left anterior temporal lobe, within the perirhinal cortex. This contrasts with the lateral anterior temporal activation observed for subordinate relative to basic categorisation by Gauthier and colleagues.
Furthermore, although patients with SD do have reduced volume in the medial region (Davies et al., in press) , atrophy is much more pronounced in lateral cortex (Mummery et al., 2000) ; and patients with antero-medial damage sparing the lateral cortex do not show the same all-encompassing semantic impairments observed in SD (Graham et al., 1994; Moss et al., in press ).
In sum, there appears to be little evidence from functional imaging to refute the view of semantic processing suggested by behavioural impairments in SD-that the anterior temporal lobes contribute to semantic memory for all kinds of objects, and are most strongly taxed by tasks that require specific classification of the stimulus. Nor, however, is there strong evidence from imaging to support this view; classification (Tranel et al., 1997) , or the same (Gauthier et al., 1997 )?
In the current work we addressed these questions with positron emission tomography (PET), since it is notoriously difficult to get good signal from the anterior temporal lobes in fMRI (Devlin et al., 2000) . We used a category verification paradigm in which healthy participants categorised pictures of animals and artefacts at specific, intermediate, and general levels (see Figure 1 ). On each trial participants decided whether a colour photograph matched either a general name (e.g. animal or Volkswagen). A baseline task was also included to identify activation common to all levels of categorisation. Prior to the PET study, stimulus items were normed in a behavioural pilot study to ensure that participants were equally fast and accurate at verifying category membership (a) at the most general and most specific levels, and (b) for animals and vehicles at intermediate and specific levels (Rogers et al., in press ).
To permit rigorous tests of the questions posed above, we first identified regions of interest in the anterior temporal lobes on the basis of gray-matter loss in a group of 6 patients with SD. We then investigated functional activation evoked in these regions (in normal individuals) by specific relative to more general semantic categorisation, for both animals and vehicles. Finally, to assess whether specific classification engaged the same regions activated by unique-item identification, we conducted a conjunction analysis using data from the current task and functional imaging data from a previous study of naming for unique faces versus non-unique items (Gorno-Tempini et al., 2000) .
Methods

Patients
The site of maximal atrophy in SD was determined on the basis of structural T1 weighted MRI anatomical brain images from the 6 patients previously reported by Mummery et al. (Mummery et al., 2000) and 60 neurologically normal control subjects (10 matched to each patient). All images were acquired using a 2 T Siemens Vision system with identical protocols for each participant. Using standard procedures in SPM2 (Wellcome Department of Imaging Neuroscience, London, UK, http://www.fil.ion.ucl.ac.uk/spm), all 66 images were spatially normalised, segmented into gray and white matter and smoothed with a gaussian kernel of 12mm 3. . To identify the gray matter loss in each individual patient, his or her image was compared to those of 10 age and sex matched neurologically normal controls. The six differences between the patients and their individual control groups were then averaged to yield a T map of the mean amount of gray-matter reduction across patients (Gitelman et al., 2001 ).
PET study
Subjects
Twelve male subjects (age 19-39, mean age of 25) participated in the functional imaging study. All were right-handed native English speakers, free from any history of neurological disease or mental illness, and not on any medication. The study was approved by the local hospital ethics committee and the Administration of Radioactive Substances Advisory Committee (ARSAC, UK). All subjects in the imaging experiment gave written informed consent prior to receiving a PET scanning session consisting of 12 measurements.
Stimuli
Stimuli comprised 48 color photographs of real animals and vehicles, including robins, kingfishers, and other birds; labradors, pekinese, and other dogs;
BMWs, Morris Travellers, and other cars; and ferries, yachts, and other boats. Target items for the specific categories were successfully named at the specific level by university undergraduates with greater than %72 agreement.
Task and design
In each trial, participants viewed a category label followed by a color photograph, and were asked to indicate by button-press whether the photograph matched the word. Category labels could be specific names (e.g. labrador, BMW), intermediate names (e.g. dog, car) or general names (e.g. animal, vehicle). For specific trials, distractors (i.e. trials that should yield a 'no' response) were from the same semantic category as the probe word (e.g. for "labrador," the distractor was a different breed of dog). For intermediate trials, distractors were from a different category in the same superordinate domain (e.g. for "dog," the distractor was a different kind of animal); and for general trials, distractors were from the contrasting semantic domain (e.g. for "animal," the distractor was a vehicle).
Trials were blocked in a design manipulating semantic domain (animal or vehicle) and level of specificity (general, intermediate, and specific). Each 16-trial block (one PET scan) included two different category labels at the same level of specificity, ordered at random. For instance, in one specific block, participants viewed the probes "labrador" and "pekinese," each occurring 8 times in random order, and followed by a matching or non-matching dog picture. In a separate intermediate block the probes "dog" and "bird" appeared 8 times apiece in random order; and in third general block, the probes "animal" and "vehicle" 
PET scanning
The 12 PET scans were obtained using a SIEMENS/CTI (model 962) PET scanner (Knoxville, TN, USA). Each scan involved a 20 s intravenous bolus of H215O at a concentration of 55 Mbq ml-1 and a flow rate of 10 ml min-1 through a forearm cannula. For each subject, a T1-weighted structural magnetic resonance (MR)
image was also obtained with a 2T Magnetom VISION scanner (Siemens, Erlangen, Germany).
Data analysis
The PET data were analysed with statistical parametric mapping (SPM99, Wellcome Department of Imaging Neuroscience, London, UK, http://www.fil.ion.ucl.ac.uk/spm) implemented in Matlab (Mathworks Inc., Sherborn, MA, USA) using standardised procedures (Friston et al., 1995) . The mean image created by the realignment procedure was used to determine the parameters for transforming the images onto the Montreal Neurological Institute (MNI) average brain. These parameters were then applied to the functional images (Ashburner and Friston, 1997) and the image was re-sampled into isotropic 2mm3 voxels. Finally, each image was smoothed with a 16mm at full-width half-maximum Gaussian filter.
The SPM software was then used to compute multiple-linear regression analyses.
Condition effects were estimated according to the general linear model at each voxel.
To test hypotheses about regionally specific condition effects, these estimates were compared using linear contrasts (balanced within subject). The resulting set of voxel 
Results
The peak coordinates for maximum gray-matter atrophy in the SD patients were identified at [-44, 14, -27 ] (see Figure 2) . A volume of radius 8mm around this peak, and the corresponding volume in the right temporal cortex, defined the regions of interest (ROI) for the imaging analysis.
The comparison of all semantic categorisation scans to the baseline scans yielded significant areas of activation (p<0.05 corrected for multiple comparisons across the entire brain) in the posterior fusiform cortex and in the occipito-temporal cortex bilaterally (see Table 1 )-a pattern that has been reported in a great many studies of semantic task performance (Joseph, 2001 which was conducted in the same scanner using the same acquisition and analysis protocols. In this study, participants were instructed to name photographs of famous faces, objects, animals and body-parts. The authors were interested in identifying category-specific patterns of activation, and so did not directly contrast naming for the unique items (faces) versus non-unique classes (objects, animals and body-parts). For the current study, we re-analysed the Gorno-Tempini et al. (2000) data to investigate this contrast (using the same analysis procedure described in the methods section).
The results are shown in the top row of Figure 
Discussion
The results show that the antero-lateral temporal regions most affected in SD were significantly activated in healthy individuals classifying pictures of objects and animals at a specific relative to more general levels. The activation was bilateral and was equally robust for categorisation of animals and vehicles, and it appears in the same regions engaged by silent naming of unique faces relative to non-unique objects, animals, and body-parts. Moreover the effect cannot be attributed to the overall ANTERIOR TEMPORAL CORTEX IN SEMANTICS 16 difficulty of specific classification, because the most general and specific conditions in this experiment were matched for difficulty. Thus we have shown functional activation in healthy participants as a result of semantic processing that directly parallels the type of semantic knowledge that is most degraded in SD.
The results suggest that the previously noted puzzling discrepancy between functional neuroimaging and neuropsychology arises from a confluence of methodological factors that together conspire against observing anterior temporal lobe activation in functional imaging. First, most commonly-used semantic tasks do not require very precise identification of the stimulus. As illustrated in Figure 3 , anterolateral activation is not much apparent in association with intermediate or general level classification. Second, it is difficult to acquire good signal in this region with fMRI, the most commonly used technique for these investigations (Devlin et al., 2002; Devlin et al., 2000) . In the present work, we used PET because it does not suffer from this susceptibility artefact. Third, to gain statistical power in testing their hypotheses, many investigators limit their analyses to cortical regions of a-priori interest, which tend to be regions that are easily activated across different tasks and imaging methods. Areas that are difficult to observe in whole-brain studies are less likely to be used as regions of interest in subsequent studies, hence the statistical power of small-volume correction is only rarely brought to bear on these areas (see Joseph, 2001 ). We have addressed this challenge in the present study by using structural imaging data from a patient population, rather than previous functional imaging results, to identify regions of a-priori interest.
When these three methodological factors are dealt with appropriately, as in the current study, then it seems that functional imaging and neuropsychology do, in fact, accord fairly well: both suggest that left and right antero-lateral temporal regions contribute to semantic processing for living and nonliving things, especially in tasks requiring specific classification. In past work we have argued that the systematic erosion of detailed semantic information observed in SD reflects the similarity structure of the representations encoded in the anterior temporal lobes , which captures the degree of semantic relatedness among known concepts:
closely related items (e.g. a robin and a kingfisher) are represented with quite similar patterns of activity, whereas semantically unrelated items (e.g. a robin and a yacht)
are represented with dissimilar patterns (Hinton and Shallice, 1991; Plaut and Shallice, 1993; . In the healthy system, this similarity structure promotes semantic generalisation and induction; but when anterior temporal regions deteriorate in disease, the same principle of semantic organisation militates against recovery of properties idiosyncratic to a specific concept. Because such properties are not shared by closely neighbouring concepts, the semantic representations in anterior temporal cortex must be specified with great precision in order to generate the correct response elsewhere in the cortical network. As these representations degrade in SD, it becomes increasingly difficult to settle upon precisely the right pattern, and hence to retrieve detailed semantic information. For more general information, the anterior temporal lobe system can yield the correct response so long as it finds itself in the right representational ball-park, because all neighbouring representations will tend to produce the same correct response in the rest of the network . We suggest that this idea can also account for the current functional imaging data: the anterior temporal regions are strongly activated by specific classification because, to perform such tasks successfully, they must resolve the correct representation with great acuity in order to differentiate it from closely neighbouring representations.
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Our interpretation in similar in spirit to those proposed by some the previous imaging studies that have reported left lateral anterior temporal activation (Devlin et al., 2002; Gorno-Tempini et al., 2000; Gorno-Tempini et al., 1998; Moore and Price, 1999; Mummery et al., 1999; Vandenberghe et al., 2002) , but it differs from the explanations put forward by others. For instance, Damasio and colleagues (Grabowski et al., 2001; Tranel et al., 1997) have suggested that the temporal poles are especially important for the recognition and representation of unique items, which depend upon knowledge of "intrinsic and relational details that are far more complex than those of a nonunique entity" (Damasio and Damasio, 1994, p. 68) , whereas the recognition or representation of non-unique classes is accomplished by more posterior regions (Tranel et al., 1997) . The regions activated by face-naming relative to object-, animal-, and body-part-naming in previous work by Gorno-Tempini and colleagues (2000), however, are near-identical to the anterolateral regions activated by specific classification in the current study-suggesting that anterior temporal activation for unique items may reflect the general sensitivity of these regions to specific classification. Consistent with this idea, Gorno-Tempini et al. (1998) found that the temporal poles activated bilaterally for both proper-and common-name reading, but activated more strongly for proper names than common names.
Gauthier and colleagues (1997) also identified bilateral anterior temporal activation when participants classified pictures of common objects at the specific level rather than the basic-level; however this pattern was only apparent once activation from a purely verbal semantic task had been subtracted out-suggesting to the authors that the temporal poles contribute particularly to the visual discrimination of items assigned to specific classes. Like Gauthier et al.(1997) , we believe that such effects reflect differentiation demands, but we are reluctant to attribute them to specifically perceptual processes. Patients with SD rarely confuse visually similar objects when they are not semantically related, but they frequently confuse visually dissimilar items that are semantically related (e.g. calling a trumpet a "piano")-suggesting that their difficulty lies in the discernment of specific semantic rather than visual relationships (e.g. Graham et al., 1994) . Such patients are also impaired at purely verbal semantic tasks, and in all other modalities of reception and expression tested to date. Moreover, other PET studies have found anterior temporal activation in purely verbal semantic tasks (Devlin et al., 2002; Gorno-Tempini et al., 1998; Scott et al., 2000) . Thus the imaging and neuropsychology together suggest that anterior temporal-lobe representations capture cross-modal semantic (rather than purely visual) similarity structure.
As noted earlier, Tyler et al. (2004) recently reported activation on the medial surface of the left anterior temporal lobe when subjects silently named common objects at basic level (e.g. "monkey") relative to a more general identification ( "living thing") or to baseline. This result is consistent with the interpretation of lesion studies in nonhuman primates (Bussey et al., 2002) , i.e. that the perirhinal cortex encodes complex conjunctions of perceptual features necessary for the assignment of familiar objects to more specific classes. In the current study, however, the parallel contrast did not yield significant medial anterior temporal activation (p > 0.05 uncorrected). Although the perirhinal cortex is undoubtedly atrophied in SD (Davies et al., in press) , the greatest amount of gray-matter loss is observed in lateral rather than medial cortex; and as Tyler and colleagues themselves note in other work (Moss et al., in press) , patients with medial temporal lobe damage extending into the perirhinal but sparing the lateral cortex do not show the same global impairments to ANTERIOR TEMPORAL CORTEX IN SEMANTICS 20 semantic knowledge seen in SD (see also Lee et al., submitted) . The laterally situated activations in the current study thus bolster the implications of the neuropsychological data that antero-lateral temporal cortex contributes critically to semantic processing.
Finally, we note that most reported anterior temporal effects are leftlateralized, a pattern that has contributed to the common view that the semantic system itself is left-lateralized (e.g. Grabowski et al., 2001 ). In the current work, significant effects were observed in both hemispheres, but right hemisphere activation was only apparent with the power of small-volume correction. One hypothesis consistent with these observations is the proposal of a bilaterally distributed anterior temporal semantic system which interacts with a left-lateralized phonological system, so that verbal semantic tasks draw more heavily upon left anterior temporal cortex (Lambon Ralph et al., 2001 ). For instance, SD patients with more left than right atrophy are typically worse at verbal than non-verbal semantic tasks, whereas patients with more right involvement show comparably poor performance in both (Lambon Ralph et al., 2001) . In this sense, our results again mirror the behavioural data from semantic dementia, in that they reveal bilateral involvement of the anterior temporal lobes, but with more robust left-hemisphere activation, in a task requiring verbal comprehension of a category name.
To summarise, we found bilateral antero-lateral temporal activation for specific relative to more general classification, for both living things and artefacts, in regions closely aligned to those affected in patients with SD who fail at tasks requiring specific concept knowledge. The effect cannot reflect simple task difficulty because, in contrast to previous studies, specific and general conditions were matched for speed and accuracy. Moreover, the regions activated were nearly identical to those involved in naming of unique faces relative to non-unique items. The imaging and neuropsychology together thus suggest that antero-lateral temporal regions in both hemispheres critically support the retrieval of specific semantic information for all classes of objects. with the large literature on basic-level advantages (Rosch et al., 1976 ). RT's
Figure Captions
were not reliably different, however, for classification at the general and specific levels (mean RTs were 749 ms for the specific condition and 783 ms for the general condition, p = n.s. for contrast), nor were there any reliable differences across conditions in accuracy (F(2,22) = 0.91, p = n.s.). Thus these materials allow us to de-confound task difficulty and specificity, in contrast to previous studies of specific classification (Gauthier et al., 1997; Tyler et al., in press ). Participants were also equally fast and accurate to verify category membership for animals and vehicles (F(1,11) = 3.38, p = n.s. for speed; F(1,11) = 0.31, p = n.s. for accuracy) in both intermediate and specific
conditions, with no reliable interaction between semantic category and task condition (F(1,11) = 0.24, p = n.s. for speed; F(1,11) = 0.25, p = n.s. for accuracy). Note that, in the case of the conjunction, the colour scale for the t values relates to the minimal t. 
